The proton translocation coupled to the electron flux from succinate, exogenous NADH, and NAD'-linked substrates (malate and isocitrate) to cytochrome c and to oxygen was studied in purified potato (Solanmm tuberosum) mitochondria using oxygen and ferricyanide pulse techniques. In the presence of valinomycin plus K' (used as a charge compensating cation), optimum values of H/2 eC were obtained when low amounts of electron acceptors (oxygen or ferricyanide) were added to the mitochondria (1-2 nanogram 12 eCj equivalents per milligram protein). The stoichiometry of proton translocation to electron flux was unaffected in the presence of N-ethylmaleimide, an inhibitor of the Pi/H' symport. With succinate as substrate, H1/2 e ratios were 4.0 ± 0.2 and 3.7 ± 0.3 with oxygen and ferricyanide as electron acceptors, respectively. With exogenous NADH, H/2e-rtios were 4.1 ± 0.9 and 3.4 ± 0.2, respectively. The proton trnslocation coupled to the oxidation of NADJ-linked substrates (malate, isocitrate) was dependent upon the presence of adenylates (ADP, AMP, or ATP). For malate (+ glutamate) oxidation the observed H+/2 e ratios were increased from 3.6 ± 2.2 to 6.5 ± 0.5 in the presence of 20 micromolar ADP.
It is generally accepted that mitochondrial respiration results in the formation of a transmembrane electrochemical proton gradient generated by an electrogenic proton extrusion (15, 16) .
It is also widely accepted that AgH' is the intermediate between electron transport and ATP synthesis (3) . However, despite considerable research on stoichiometry relationships, there is still uncertainty concerning the values of H+/2 e-per site of phosphorylation (or H+/ATP ratios), and the ability of Cyt oxidase to extrude protons (3, 30) .
Although considerable attention has been focused on these questions in mammalian systems, relatively little work has been performed on mitochondria isolated from microorganisms (9, 27, 29) or on plant mitochondria (17) . The operation of an electroneutral K+/H+ antiporter has been suggested to explain the underestimation of H+/2 e-ratios in both yeast and plant mitochondria (6, 17, 29) .
In the studies reported here, the stoichiometry of the H+/2 eratios associated with different spans of the respiratory chain has been reinvestigated using highly cyanide-sensitive plant mitochondria to avoid interference with the nonelectrogenic alternative pathway (19) . Special attention has been given to the comparison between the proton translocation driven by exogenous NADH and that driven by succinate. These two substrates are coupled to phosphorylation sites 2 and 3 and are oxidized via two different dehydrogenases located on opposite sides of the inner mitochondrial membrane (for review, see 22) . Using ferricyanide as an electron acceptor (acting at the Cyt c level), it is possible, for these two substrates, to determine the efficiency of proton translocation at the level of complex III alone.
In plant mitochondria, the oxidation of NAD+-linked substrates, which involves the participation of complex I, is complicated by the presence of two different oxidation pathways for endogenously generated NADH (23) . These pathways, which are respectively sensitive and insensitive to rotenone (5) , exhibit different affinities for endogenously generated NADH (18) and may be regulated by adenine nucleotides (28). The H+/2 estoichiometry for malate and isocitrate oxidation and the effects of rotenone and adenylates have been investigated, keeping in mind the possibility of regulation of the mitochondrial electron flux at the level of complex I.
MATERIALS AND METHODS
Preparation of Mitochondria. Mitochondria were prepared from potato tubers (Solanum tuberosum L.) as described previously (8) . After purification on Percoll gradient, the mitochondria were resuspended in a reaction medium containing 0.3 M mannitol, 30 mm KCI, 7 mM MgCl2, 1.5 mM MOPS' (pH 7.0), and 1 mg ml-' BSA. The protein concentration was determined by Nesslerization.
Oxygen Uptake Measurements. Oxygen was measured polarographically with a Clark-type oxygen electrode (Hansatech Ltd, King's Lynn, U.K.), coupled to a Sefram chart recorder (Servotrace, model PED X 100). The chamber (2 ml) was enclosed in a thermostatically controlled water jacket at 25 ± 0.02C.
pH Measurements. pH measurements were carried out simultaneously with oxygen determinations in the same chamber, using a prestandardized Beckman microcombination electrode coupled to a Beckman (Research) pH meter. The system was calibrated during each experiment by additions of known amounts of standard 0.015 N HCI. When HCI pulses (sufficient to change the pH by 0.1 unit) were injected into the cell containing the experimental medium, the electrode showed 80% of the final deflection in less than 2 s. Mitochondria (about 2.0-2.5 mg protein ml-') were incubated in 2 ml of reaction medium. The suspension was made anaerobic by flushing with N2 after the addition of substrate. The electrode was sealed by a sleeve fitted tightly into the cell. Additions to the cell were made via a 1 mm gap in the sleeve. Catalase (Sigma) was added at a concentration of 1.25 mg ml-' in the medium before anaerobiosis and, afterwards, oxygenation of the medium was obtained by small additions of 0.5 to 4,ul of 16 to 80 mm H202, without any significant dilution of the mitochondrial suspension. Pulses Figure 2 , this alkalinization was negligible for small oxygen pulses but was probably responsible for the fast decrease of the observed H+/O ratios with the amounts of added oxygen.
Based on determinations of proton ejection for small oxygen pulses, H+/O ratios averaged 4.0 ± 0.2 (10 independent experiments) and 4.1 ± 0.9 (five independent experiments) for succinate and NADH, respectively. These values are in good agreement with H+/O ratios reported for substrates involving the phosphorylation sites 2 and 3 in mammalian mitochondria (13, 15, 16, 24) . However, stoichiometries higher than 4 have been observed for succinate in mammalian mitochondria, especially when N-ethylmaleimide was present to inhibit the H+/Pi symport (4, 7, 25 H'/O Stoichiometry with NADW-Linked Substrates. Proton translocation driven by malate (+ glutamate) was very low as long as valinomycin was not present to collapse the membrane potential. Moreover, the proton ejection taking place during the oxygen pulse was dependent upon the way of reaching anaerobiosis (Fig. 4) . In the first case (A), the mitochondrial suspension was incubated for a few min in the presence of substrates and then made anaerobic by flushing with N2. Under these conditions, the subsequent oxygen pulse led to very little proton ejection. In the second case (B), anaerobiosis was rapidly ob- tained first by adding nitrogen and afterwards malate (+ glutamate). The further addition of a small amount of oxygen gave rise to a large proton extrusion, giving values of H+/O ratios higher than 5 (Fig. 4B ). This dependence of malate oxidation and rate upon the time course of its oxidation, strongly suggests that malate dehydrogenase activity was rapidly inhibited in response to oxaloacetate accumulation (22) . When the proton translocation was low, addition of 20 uM ADP enhanced the rate of proton extrusion significantly and subsequent proton back diffusion occurred at a higher rate (Fig. 4A) Figure 6 , proton translocation with ferricyanide as electron acceptor had one component protonophore insensitive. Figure 6 shows that in potato mitochondria and in the presence of 4 uM CCP, approximately two H+ were produced per two ferricyanide ions reduced with succinate, whereas only 1 H+ per 2 electron acceptor equivalents appeared with NADH. This suggests that the protons released in the presence of the protonophore correspond to the dehydrogenation of the substrate which is not compensated by H20 formation, since ferricyanide is used as electron acceptor (1).
DISCUSSION
The experiments reported in this paper show that the H+/O stoichiometry can be estimated in plant mitochondria using the classical pulse oxygen technique described by Mitchell and Moyle (15, 16) . In contrast to mammalian mitochondria (15) but as for yeast mitochondria (27) , an electrical permeability must be created by valinomycin in order to obtain a maximal proton extrusion ( Fig. 1; Ref. 6 ).
The results reported in this paper show that the H+/O ratio for exogenous NADH oxidation in plant mitochondria is close to 4 as for succinate when low amounts of oxygen (less than 2 ngatom 0 mg-' protein) are added to avoid the building up of a large ApH. At higher amounts of pulsed oxygen, the amounts of translocated protons are not proportional to the quantities of pulsed oxygen. For succinate, as previously suggested, this lack of linearity is probably due to the operation of an H+/K+ antiporter (6) . With NADH as substrate, this lack of linearity is still more dramatic due to the large alkalinization which occurs during NADH oxidation.
In contrast to mammalian mitochondria (4, 25) 3 (data not shown). This suggests that adenylates permit the oxidation of endogenous substrate by generated NADH at full capacity which is not possible otherwise. Moreover, the effect of adenylates was not observed with succinate or exogenous NADH. This shows that these effectors could interact at the level of complex I. Besides, the adenylate-dependent proton extrusion driven by malate oxidation is highly sensitive to rotenone; but, in the presence ofthis inhibitor, a significant-activation is still obtained (Table I ). All these observations suggest that adenylates could interact more specifically with the NAD-linked enzymes themselves rather than with the respiratory chain, as suggested by Laties (12) and Sotthibandu and Palmer (28).
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